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SCHEME FOR IMPROVING THE PREDICTABILITY AND/OR RELIABILITY OF 
PHOTOLITHOGRAPHIC IMAGES 

Field OF THE Invention 

5 The present invention relates to the field of semiconductor device manufacturing 

processes and, in particular, to a scheme for improving the accuracy of integrated circuit 
pattem simulation by first simulating a photolithographic mask of the circuit, followed by 
image simulation of that mask on a wafer. 

S 10 BACKGROUND 

^ As shown in figure 1, during the manufacture of integrated circuits, various circuit 

S{ features are patterned in photoresist layers 10 that are disposed over a semiconductor wafer 

L or die 12 by exposing the photoresist to radiation (e.g., various wavelengths of light) 14 

P! through a mask or reticle 16. The mask 16 is created from an as-drawn design for the ckcuit 

O 15 features produced by a circuit designer using conventional software tools. However, the 
□ image of a photolithographic mask 16 printed on a silicon wafer 12 (i.e., on a photoresist 

layer 10) is usually significantly distorted with respect to the drawn design, due to light 
refraction effects. To compensate for these distortions, comer rounding and proximity effects 
of the design need to be predicted by pattem simulation in a process refened to as optical 
20 proximity correction (OPC). OPC involves the use of software simulation tools to convert 
the drawn design into an aerial image of light intensity contours, which corfespond to the 
actual photoresist patterns that will be printed on the wafer. The drawn layout may then be 
corrected, for example by adding sublithographic features such as serifs, with subsequent 
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iterations of the simulation (manual or automated) providing feedback to achieve a desired 
final shape. 

In this simulation process, it is usually assumed that the photolithographic mask is an 
ideal reproduction of the drawn pattern. Hov/ever, mask making processes have limited 
5 accuracy due to the limitations of finite e-beam spot sizes and mechanical limitations of 

4 

photoresist development and etching processes. Consequently, small serifs used for 
correction of proximity effects may not be adequately reproduced in the masks. Disregarding 
such mask errors in the process of correcting the drawn circuit feature layouts may result in 
substantial deviations from the desired image when the image is printed on a wafer. Thus, 
10 what is needed is a process to ensure that the masks are produced as accurately as possible. 




Summary of the Invention 

In accordance with one embodiment of the present scheme, a mask simulation process 
is introduced into a conventional OPC procedure, prior to simulation of a photoresist pattern. 
Reticle simulation may be achieved using very short wavelengths of light as compared to the 
5 mask feature size. Alternatively, reticle simulation may be made through adjustments in a 

4 

computer aided design process. 
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Brief Description of the Drawings 

The present invention is illustrated by way of example, and not limitation, in the 
figures of the accompanying drawings in which like reference numerals refer to similar 
elements and in which: 
5 Figure 1 illustrates a conventional scheme for printing a circuit feature on a 

semiconductor wafer or die through a mask or reticle; 

Figures 2A and 2B illustrate various layers of double wordline and single wordline 
static random access memory (SRAM) cells, respectively; 

Figure 3 schematically illustrates an example of the present simulation scheme; 
10 Figures 4A and 4B illustrate a final as-drawn layout for a poly-silicon layer of a 

double wordline SRAM cell and a scaiming electron microscope (SEM) picture of a poly- 
silicon mask obtained therefrom in accordance with an embodiment of the present invention, 
respectively; 

Figures 5 A and 5B illustrate a final as-drawn layout for a poly-silicon layer of a 
15 single wordline SRAM cell and a scanning electron microscope (SEM) picture of a poly- 
silicon mask obtained therefi:om in accordance with an embodiment of the present invention, 
respectively; 

Figures 6A and 6B illustrate examples of simulated mask contours produced in 
accordance with an embodiment of the present invention for a double wordline SRAM cell 
20 and a single wordline SRAM cell, respectively; 

Figures 7A and 7B, illustrate, for a double wordline SRAM cell, an overlay of a 
reticle contour with a contour of an as-drawn design, and a contour of a simulated mask, 
respectively, in accordance with an embodiment of the present invention; 
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Figures 7C and 7D, illustrate, for a single wordline SRAM cell, an overlay of a reticle 
contour with a contour of an as-drawn design, and a contour of a simulated mask, 
respectively, in accordance with an embodiment of the present invention; 

Figures 8 A and 8B illustrate bitmap inputs to a mask simulation with different sizes 
5 of serifs for a double wordhne SRAM cell in accordance with an embodiment of the present 

4 

invention; 

Figures 8C and 8D illustrate bitmap inputs to a mask simulation with different sizes 
of serifs for a single wordline SRAM cell in accordance with an embodiment of the present 
invention; 

10 Figures 9A and 9B illustrate bitmaps of simulated reticles with nominal serifs 

compared against bitmaps reconstructed from reticle SEMs for a double wordline SRAM cell 
in accordance with an embodiment of the present invention; 

Figures 9C and 9D illustrate bitmaps of simulated reticles with nominal serifs 
compared against bitmaps reconstructed from reticle SEMs for a single wordline SRAM cell 
15 in accordance with an embodiment of the present invention; 

Figures lOA and lOB illustrate SEM images of a final poly-silicon pattern on a 
semiconductor wafer produced in accordance with the present methods for a double wordline 
SRAM cell and a single wordline SRAM cell, respectively; 

Figures 1 1 A - IIF illustrate extracted poly-siUcon contours of a single wordline 
20 SRAM cell overlaid with various countour features in accordance with an embodiment of the 
present invention; 

Figures 12A and 12B illustrate contours extracted from reticle SEM images for a 
contact hole and a poly-silicon feature, respectively, in accordance with an embodiment of 
the present invention; and 
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Figures 13 A - 13C illustrate diffusing contours for a double wordline SRAM cell 
extracted from reticle SEM images in accordance with an embodiment of the present 
invention. 



# 



Detailed Description 

A scheme for improving the acxuracy of integrated circuit (IC) pattern simulation is 
disclosed herein. More specifically, a scheme wherein a photolithographic mask of an IC is 
first simulated, followed by image simulation of that mask on a wafer is described. Although 
5 in the past it has been difficult to predict the manner in which the photolithographic mask 

4 

pattern might differ from an as-drawn design, a newly developed calibration process 
(described more fully below) has shown that, in general, the pattern is mainly subject to 
comer rounding effects. These effects may thus be incorporated into the pattern simulation 

5 process by (1) simulating proximity effects of the mask, and^r (2) adjusting the drawn mask 

2 10 pattern as part of a computer aided design (CAD) process. 



□ 15 comers and serifs. In either type of mask simulation, one should take into account the image 
''^ resolution due to grid and pixel sizes. After a mask is defmed using either or both of these 

processes, a conventional OPC pattern simulation may be performed with improved 



successful use of double simulation techniques has been format incompatibility. By using 
20 bitmapped images (as further described below) the present scheme overcomes this obstacles. 

In one embodiment, the present scheme involves simulating a photolithographic mask 



In the first case, pattern simulation with OPC software tools may be used, assuming a 
very short wavelength of light is used to minimize refraction effects, to obtain the desired 
amount of comer rounding to accurately simulate proximity effects of the mask. In the 
second case, typical mask distortions can be identified and applied to design features such as 



accuracy, especially in critical areas of the design. It should be noted that one obstacle to 
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correction/optimization may be accomplished by increasing or decreasing at least one 
magnitude or value of an optical proximity correction factor and/or a serif. The formats of 
die"dat^nput to or output form these simulation procedures are compatible with one another 
(e.g., bitmap fonnat)>^urther, in other embodiments, comer rounding effects in an image 
produced by a mask may becbK^ed through simulation of optical proximity effects of the 
^ mask (e.g., effects of light having a waveieBgtfr-apEro^^ equal to four times a feature 
size-such as a line width or line spacing of the image). Thesett>f¥ections may be 



incorporated into the mask by adjusting an as-drawn layout of the mask as part oTa-^GAD 
process. 

Although discussed with reference to certain illustrated embodiments, upon review of 
this specification, those of ordinary skill in the art will recognize that the present scheme may 
find application in a variety of systems. For example, other methods of simulating mask 
rounding and edge correction may be used. Therefore, in the following description the 
illustrated embodiments should be regarded as exemplary only and should not be deemed to 
15 be limiting in scope. 

By way of example, the present scheme is discussed with reference to the design of 
two, six transistor (6-T) static random access memory (SRAM) cells: one having a double 
worxlline (DWL) and the other a single wordline (SWL). Those familiar with the design of 
such devices will appreciate that a key layer in determining cell properties is the poly-silicon 
20 layer in which transistor gate features are formed. The DWL cell, the layout of which is 

shown in Figure 2A, has a straightforward poly layout, requiring only line-end serifs 20 and 
22. The SWL cell, the layout of which is shown in Figure 2B, may be approximately 30% 
smaller that the DWL cell, at the expense of higher sensitivity to mask quality and 
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complicated OPC processes. In addition to serif end-caps 24 and 26, the design of contact 
regions 28 and 45'' poly-silicon arms 30 need to be optimized. 

These two cell designs present different challenges to manufacturing, which 
challenges are affected by the reticle writing process. The simplicity of poly layout in the 
5 DWL cell makes it necessary to complicate the interconnecting level (not shown in the 
illustration). On the other hand, the S WL cell is sensitive to the rounding of inside poly 
comers, the 45'' poly arms and line-end-to-line proximity. Thus, for the DWL cell, the key 
concern at poly level is to maximize end-cap coverage by adjusting serifs 20 and 22, butting 
up against each other. For the SWL cell, in addition to end-caps 24 and 26, the inside poly 

10 comers arms are modified by "negative" serifs to reduce the line width and leave more room 
for contacts 28. The 45° connecting poly arms should also be minimized, to reduce 
proximity effects on the contact and channel areas. 

It has been found that layout optimization for these and other designs can be 
significantly improved by using a double-level simulation scheme. This scheme is based on 

15 first simulating the reticle, followed by simulating the final photoresist pattern on wafer. The 
simulation of the reticle pattern itself is a step that has not been performed in OPC processes 
of the past. To implement the present scheme, a two-level simulation tree may be used, with 
a first level input file obtained from the final design (nominal layout plus OPC), to generate a 
reticle bitmap. A second level input file may be obtained from the drawn design, a simulated 

20 mask bitmap, or a bitmap of the actual reticle extracted from a scanning electron microscope 
(SEM) image. One may then compare intensity contour aerial images of the photoresist 
pattern simulated in these three ways, with the final pattern on wafer. 

The above-mentioned simulation tree is schematically illustrated in Figure 3. 
Beginning with an as-drawn layout, one may use conventional computer aided design (CAD) 
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methods to add OPC serifs thereto. Then, reticle SEMs of the design may be obtained in the 
conventional fashion. In parallel with this process, simulations of the reticles may be made 
in accordance with the present methods. These reticle simulations can then be compared 
with the SEMs to determine the degree of difference. In one example, simulations were 
5 made using commercially available Prolith software and the source of inputs to the first 

4 

round of simulation are shown in Figures 4A-4B, 5A-5B and 8A-8D. 

Figures 4A and 5A show examples of poly layouts with serifs, added by conventional 
CAD routines, to the DWL and SWL designs shown in Figures 2A and 2B, respectively. 
Serif size may pre-determined before the CAD routines are run using conventional single- 

10 level simulation. Figures 4B and 5B show SEM images of the poly reticle for the two cell 
designs. Compared to the drawn layouts, one can observe significant roundings of line-ends 
of the serifs. It is effects such as these that are not accurately captured by existing OPC 
processes, but which are compensated for through use of the present methods. 

In general, the simulations of masks and final patterns may be based on different sets 

15 of image tool parameters. Settings for the reticle simulations may initially be quite arbitrary, 
as the goal is only to round off sharp comers of the drawn layout. In the present example, 
standard deep ultra-violet (DUV) illumination with an NA of 0.55 was used. The drawn 
mask design was blown up by approximately 4 times (just as in the actual mask making 
process) to achieve a sufficiently high ratio of radiation wavelength to feature size. Bitmap 

20 extraction was based on a 0.28 intensity contour, which was then filled and used in a 

subsequent simulation of the final pattern, Silicon DUV photolithography using annular 
illumination at 0.6 NA and 0.75/0.45 outer/inner diameter was used. These conditions were 
also used to simulate aerial images of the intensity contours. The contour reproducing the 
nominal MOSFET CD on the wafer corresponded to an intensity level of about 0.3, In 



addition, another contour, of about 10% higher intensity, was examined to verify the effect of 
defocus and scumming. 

Simulated contours of poly masks for the DWL and SWL designs which are the 
subject of the above example and which were produced in accordance with the present 
5 methods are shown in Figures 6A and 6B, respectively. Compared to the SEM images of the 
reticles (see Figures 4B and 5B), the comer rounding of the line-end serifs was simulated 
with a high degree of accuracy. This comer rounding simulation accuracy now allows for 
modification to the as-drawn design so as to achieve square line-ends in the final printed 
pattern. 

10 Figures 7A - 7D show various overlays of drawn, SEM, and simulated contours 

produced in accordance with the present methods. In Figure 7A, the dashed contour 40 
represents the reticle SEM contour for the DWL cell. Contour 40 has been overlaid on a 
contour 42 of the drawn design (solid line), hi Figure 7B, the dashed contour 44 is again the 
reticle SEM contour for the DWL cell, with contour 46 (solid line) representing the contour 
15 of the simulated mask for the DWL cell with nominal serifs. In Figure 7C, the dashed 
contour 48 represents the reticle SEM contour for the SWL cell. Contour 48 has been 
overlaid on a contour 50, representing the drawn design (solid line). In Figure 7D, the dashed 
contour 52 is again the reticle SEM contour for the SWL cell, with contour 54 (solid line) 
representing the contour of the simulated mask for the SWL cell with nominal serifs. 
20 Through examination of these overlays in accordance with the present methods, it has 

been observSdibat^mer rounding of the reticle is on the order of 20 nm away from the 
drawn data (Figures 7 A and^TCjTTFhis^di^ere^^ below approximately 5 nm on 

the simulated contours (Figures 7B and 7D). Similar observaSonTWeFe-fl^ the 
SWL and DWL designs. The inside comers of the SWL design tended to simulate with 
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slightly lower accuracy (approximately 10 nm from the actual drawn pattern), but still 
showing much improvement compared to the overlay of the SEM reticel to the drawn layoUtr-^ 

To further verify the usefulness of the mask simulation process described above, the 
present experiment was continued to examine the effect of serif size variation based on the 
5 specified limits of reticle CD, Figures 8 A and 8B illustrate bitmap inputs to the mask 

simulation process with different sizes of serifs within tolerances of the reticle specification 
for the DWL cell. Locations of the modified serifs 60 are indicated by the arrows. Figure 8 A 
_ shows the nominal serifs, while Figure 8B shows the reduced serifs. Similarly, Figures 8C 

S and 8D show nominal and reduced serifs 65, respectively, for the SWL cell, 

O 10 For a nominal MOSFET CD of 0. 16 nm, the reticle mean to target CD difference was 

found to be on the order of 9 nm. However, this variation could be larger on the small serifs 
m. and comers. While the consequences of CD variation on MOSFET characteristics are well 

Q understood, there is no existing model of MOSFET degradation due to variations of serif 

fry. 

u5 size. Consequently, in this experiment optical verification of the distortion of a FET channel 

15 due to the anticipated reduction of serif size was explored. Serif length and width were 
^ reduced by approximately 10 nm/side on bitmaps used to simulate the photoresist pattern. 

Figures 9A - 9D show the bitmaps of the simulated reticles with nominal serifs 
compared against bitmaps reconstructed from reticle SEMs. Figure 9A shows the simulated 
i^cle for the DWL cell, while the SEM-based bitmap therefor is shown in Figure 9B. 
20 Figure 9C shows the simulated reticle for the SWL cell, while the SEM-based bitmap 

therefor is shown in Figure 9D. Note the close agreement between the bitmaps, as evidenced 
by the above-noted 9 nm variations. This is much better accuracy of mask pattern to actual 
printed pattem than has been achieved using single-level simulations. Figures lOA and lOB 
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show SEM images of the final poly patterns for the DWL and SWL cells, respectively, 
printed on the wafers using the masks produced in accordance with the present scheme. 

By way of further example, Figures 1 1 A - 1 IF illustrate various extracted poly 
contours of the SWL cell SEMs with simulated contours. In each case, nearly perfect fits 
5 were obtained for the simulated reticle. Areas of poor simulation quality are indicated by the 
arrows. In Figures 1 lA and 1 IB, the SEM contour (thick line) is overiaid on the'drawn 
design. Notice the number of poor matchings at the comers of the poly features. Figures 
1 IC and 1 ID show the SEM contour (thick line) overiaid on an SEM bitmap of the actual 

c 

fas;" 

C rcticle. Again, a poor fit is evident at the comers. However, in Figures 1 IE and 1 IF, the 

□ 10 near perfect fit of the SEM contour (thick line) to the simulated reticle shapes are shown. 
U This tends to indicate that the addition of a mask simulation step in the OPC process, in 

m accordance with the present invetion, yields significantly improved masks for IC fabrication. 

L Simulated photoresist patterns using bitmap images may be also used to verify the 

P ; quality of a mask writing process and its impact on cell performance. One can expect that 

2 15 reticles written using laser (Alta) and e-beam (Mebes) tools could differ in both CD variation 
D and comer rounding. In addition, using e-beam tools can restrict the size of the database, due 

to the typically long write times. In order to reduce the address count for the mask writing 
process and to eliminate off-grid points due to the selective sizing, 45-degree lines can be 
converted into 90-degree staircases. Illustrations of such cells are presented in Figures 12A 
20 and 12B. 

In Figure 12A, contours extracted from reticle SEM images of a contact hole 
pattemed with e-beam and laser tools are shown. In Figure 12B, a 45"* poly connector 
pattemed using a single pass Mebes tool is illustrated. In each case, note the close agreement 
between the SEM images and the simulations. 
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Finally, in Figures 13A - 13C, contours extracted from a DWL cell diffusion area are 
shown. In Figure 13 A, the DWL diffusion contour extracted from SEM images pattemed 
with a Mebes tool is shown. In Figure 13B the DWL diffusion contour extracted from SEM 
images pattemed with an Alta tool is shown. In Figure 13C, an overlay is presented. 

Thus a scheme for reducing or eliminating misalignment problems in a dual 

4 

damascene metalization process has been described. Although the foregoing description and 
accompanying figures discuss and illustrate specific embodiments, it should be appreciated 
that the present invention is to be measured only in terms of the claims that follow. 
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